Usnic acid (UA) is the most studied bioactive secondary metabolite from lichens. Recently, UA research has focused on its antibacterial activity. However, increased application in healthcare products of UA is hampered by low solubility in aqueous solutions. Here, we report ethanol both as an alternative extraction solvent to acetone and as a pharmaceutically relevant solvent for future formulations. Dried samples of the abundant reindeer lichen (Cladonia stellaris) were extracted in a 2 3 factorial design using either ethanol or acetone, varying both time and solvent-to-dry mass ratio. In both extracts, UA was the predominant compound as shown by two-dimensional thin-layer chromatography (TLC). In a disc diffusion assay, both extracts demonstrated similar antibacterial susceptibility towards Gram-positive (Bacillus subtilis and Staphylococcus aureus), while showing little to no activity against Gram-negative bacteria (Escherichia coli and Pseudomonas aeruginosa). Among a range of pharmaceutically relevant solvents tested, UA was only soluble in ethanol (at concentrations up to 1-2 mg mL -1 ).
Lichens are diverse and found in a wide range of environments, from tropic to arctic regions. Approximately, 18,500 lichen species are known and they produce over 1,000 secondary metabolites harbouring an amazing range of biological properties, including: antibacterial, antifungal, anti-HIV, anticancer, and anti-protozoan [1a,1b] .
Usnic acid (UA) [C 18 H 16 O 7 ; 2,6-diacetyl-7,9-dihydroxy-8, 9bdimethyl-1, 3 (2H, 9H) -dibenzofurandione] is the most studied secondary metabolite from lichens. UA has been extensively researched, encompassing the taxonomic, biological, physiological, ecological, medical and pharmaceutical areas. In recent years, the advancement of UA research has focused on antibacterial, anticancer [1b] , and inhibition of mutagenic DNA damage activities [1c] . Potential antibacterial activity of UA could be of great importance due to the dearth of new antibiotics and prevalence of antibiotic resistance. There are reports of liver-related toxicity with the use of UA in dietary supplements [2a,2b] . However, other studies [2c] indicate that low nontoxic concentrations of UA do not cause damage to the liver. UA can be prepared by organic synthesis, but is then obtained as (±)-UA [1a] . A dimeric derivative of synthetic UA with spermidine has been reported by , demonstrating antibacterial activity in assays. Chemo-enzymatic synthesis of UA was attempted starting from hydroxyacetophenone, but with moderate yields [3b]. Cultures of the Ramalina celasti mycobiont on a high-carbon source accumulated significant amounts of UA [3c]. Biosynthetic UA extracted from lichens represents at present both an available and consistent source of bioactive and enantiomeric pure UA [4] . Burkin and co-workers [5] , using an enzyme immunoassay, assessed levels of UA over a broad selection of different lichen families. The highest mean amounts were found in Cladonia stellaris (Cladoniaceae) and Vulpicida pinastri (Parmeliaceae).
However, a limitation to the use of purified UA in commercial formulations is due to its low solubility in water and in organic solvents safe for human exposure. Jin and co-workers [6] studied UA solubility in saturated solutions in various solvents and showed that solubility in general decreases with increased solvent polarity in the order ethyl acetate > acetone > n-hexane > ethanol > water. The preparation of derivatives with more favourable solubility is reported to improve formulations of UA particularly for antibacterial activity [7] .
Still, the solubility of biosynthetic UA in water is very low, restricting its application in pharmaceutical and nutraceutical formulations. Among preferred solvents in the pharmaceutical industry are acetone, ethanol, and ethyl acetate, although they vary in safety, health and environmental scores [8a, 8b] . Moreover, extraction and formulation in these solvents has not yet been reported, impeding further commercial development of UA. This will provide insight into choosing the appropriate solvent in extraction and follow-up research and development for studying UA.
The present study describes the extraction of (-)-UA from C. stellaris in both acetone and ethanol, and determination of UA solubility profiles in ethanol, glycerol, and propylene glycol. Antibacterial susceptibility testing of UA was carried out to ascertain whether the antibacterial activity remained intact following the new solvent and extraction protocols.
The lichen extraction was set up with three variables: solvent type, extraction time and liquid-to-solid (L:S) ratio to investigate their relative importance on the yield of crude UA. Table 1 shows the coded experimental design of this approach and the corresponding yields. The screening resulted in a model fitting the equation: y = 13.162 ± 6.384 x 1 -0.695 x 2 + 0.553 x 3 -0.889 x 2 2 ... + ε
The model was highly significant (F 13, 4 = 55.48, p < 0.01), and showed no lack of fit (p > 0.05). The double sign of the x 1 coefficient means plus in the case of acetone and minus in case of ethanol. In the contour plots ( Figure 1A and B), this resulted in a slight curvature indicating that a L:S ratio around 8 was optimal for extraction. Prolonged extraction, up to 90 minutes, tended to produce lower yields than 30 and 60 minutes. However, the solvent type had the most dominant effect on the extraction yield, overshadowing both extraction time and amount of solvent, which both were non-significant factors ( Figure 1C ). Thus, the average yield (± SD) in center point extractions (0) was 6.12 ± 1.70 mg g -1 with ethanol (exp. 9-11), and 20.21 ± 0.87 mg g -1 with acetone (exp. 12-14). The acetone center point was tested in duplicate extractions (75 mL) of 10.0 g lichen (L:S 7.5:1 for 60 min), yielding 22.56 ± 1.65 mg g -1 , which is slightly higher than predicted from the model (19.55). The yield of UA in this study is also comparable to that published previously using the same lichen material [4] . The UA yield in the more polar ethanol was around threefold lower than in acetone. Although a modest result, it demonstrates that extraction in ethanol is feasible. In a study using response surface methodology for optimized UA extraction from Usnea sp., Sun and co-workers [9a] varied ethanol concentration, extraction temperature, L:S ratio and reflux time at five levels. In their more elaborate RSM design, a mass yield of 8.0 mg g -1 was obtained in 85% ethanol at 75°C, 29:2 and 4.5 hrs. A further enhancement of ethanol extraction has been described by using ethanol at alkaline pH for extraction of UA from Usnea longissima [9b]. A mass yield of approx. 20 mg g -1 was obtained in 75% ethanol containing 4 % Na 2 CO 3 . Both studies indicate that there is considerable room for improving the current settings for UA extraction from C. stellaris in ethanol to be compatible with acetone.
TLC analysis (Figure 2 ) demonstrated that, under the range of conditions tested, both acetone and ethanol extracts contained UA of relatively high purity. Figure 2A shows one-dimensional TLC analysis, which was performed with aliquots of acetone and ethanol extracts all from 30 min extractions but at high and low L:S ratios (exp. 2 and 6; 1 and 5, respectively). All samples contained a single, non-tailing spot consistent in migration with that of the standard UA (R f 0.48 ± 0.01). To show the apparent purity, two-dimensional TLC analysis was carried out on a single sample of either acetone or ethanol extracts. Under UV light, the acetone extract showed one dominating spot ( Figure 2B) , while in the ethanol extract, a few minor slower-migrating spots were visible below the main spot along the migration trajectory, which are believed to be impurities of UA ( Figure 2C ). was first along x-axis in solvent system C, and then along y-axis in solvent system B. Table 2 : Solubility analysis of usnic acid (10 mg) against different solvents. −, − + and ++ signs denote no solubility, partial solubility and complete solubility respectively. For the cosolvent analysis, 0.5 mL each of ethanol and distilled water (i.e., 1 mL total at 1:1 ratio) was used.
Solubility of crude UA was tested in four different solvents, including distilled water, ethanol, glycerol and propylene glycol. Table 2 details the solubility of UA against these four solvents. For solubility analysis, 10 milligrams of crude material was dissolved in 1, 5, 10, 25 and 100 mL of each solvents. Based on visual inspection, it is clear that ethanol (at 10 mL volume) was the only solvent able to solubilize UA (Table 2) . With increasing volume (from 1 mL to 100 mL) of ethanol the UA solid extract dissolved from a yellow haze to a completely clear solution (Figure 3 ; Supplement Figure 1 ). UA was completely insoluble in all other solvents, including the co-solvent combination of distilled water and ethanol (Table 2 ; Supplement Figures 2 and 3) . These results demonstrate that ethanol could potentially be a good solvent for further studies with UA.
Amount of Solvent 1 mL 5 mL 10 mL 25 mL 100 mL
Extraction and solubility of usnic acid in ethanol Natural Product Communications Vol. 12 (7) 2017 1103 The antibiotic activity of UA inhibits oxidative phosphorylation, a key cellular process of the mitochondrion [10a] . Using a disc diffusion assay (Table 3) , the two Gram-positive bacteria B. subtilis and S. aureus showed marked growth inhibition towards UA at the highest load tested (5 µg), while no or little inhibitory response was observed for the Gram-negative bacteria (E. coli and P. aeruginosa).
In both acetone and ethanol extracts and with the chloramphenicol control, B. subtilis was significantly more susceptible to growth inhibition than S. aureus as shown by an approximately 50% larger inhibition zone diameter. The same difference in susceptibility was observed both by Melgarjo and co-workers [7] and by , the latter testing antibacterial activity of crude acetone extracts of various lichen genera including Cladonia and Usnea. While they detected a variety of bioactive lichen acids in addition to UA using disc loads of 500 µg extract, we can only point to UA as the one dominating compound (Figure 2) . Lichen collection, preparation and extraction: Samples (800-1000 g) of C. stellaris were collected from locations in a mountain region at 250-650 m altitude (approx. 61 69 , 11 20 ) in the Rendalen municipality, Hedmark, Norway [4] . Fresh samples were air dried and stored at 4°C until used. Aliquots of samples were rinsed in tap water and cleaned free of debris, and then brought to complete dryness by heating at 80°C for 24 hours. The top part of dried lichen thallus (5-6 cm) was detached from the root part and manually grinded to a fine powder. Solvent extraction (25 -50 mL) of lichen powder (5 g) was carried out at room temperature using either acetone (A; relative polarity 0.355) or ethanol (E; 0.654) under magnetic stirring in a 100 mL covered beaker. The slurry was filtered by vacuum suction (589 2 white band 70 mm filter; Schleicher & Schüll, Germany) to yield a clarified, yellow solution. An extraction residue was obtained by vacuum evaporation of the solvent at 45-50°C (Rotavapor Büchi Labortechnik AG, Flawil, Switzerland). The dried material was dissolved in a smaller volume (5-10 mL) of solvent and re-evaporated; the resulting crude material recovered as a yellow powder and weighed to calculate the mass yield (mg g -1 ). Three extraction variables were tested at two levels in 2 3 full factorial screening design, varying simultaneously both the extraction time (30, 90 minutes) and the L:S ratio (5:1,10:1), in addition to the two solvents (A, E) of different polarity. Extractions at center point conditions (60 min, 7.5:1) for each of the solvents were carried out in triplicates. In total (Table 1) , the design covered 14 extractions (7 of A + 7 of E). Multilinear regression (MLR) analysis was used to obtain the main parameter effects (p< 0.05) based on the measured mass yields (Design of Experiments, MODDE 11, MKS Umetrics, Umeå, Sweden) . A linear polynomial regression model was assumed according to the equation: y = β o + β 1 x 1 + β 2 x 2 + β 3 x 3 + ε where β 0 is the constant term, β i are the regression coefficients (main effects) of each variable x i and ε is the residual term. The research hypothesis is β i ≠ 0.
